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The genomes of human herpes virus type-1 and type-2 share a high degree of sequence identity; yet, they exhibit important differences in
pathology in their natural human host as well as in animal host and cell cultures. Here, we report the comparative analysis of the time and relative
abundance profiles of the transcription of each virus type (their transcriptomes) using parallel infections and microarray analysis using HSV-1
probes which hybridize with high efficiency to orthologous HSV-2 transcripts. We have confirmed that orthologous transcripts belong to the same
kinetic class; however, the temporal pattern of accumulation of 4 transcripts (UL4, UL29, UL30, and UL31) differs in infections between the two
virus types. Interestingly, the protein products of these transcripts are all involved in nuclear organization and viral DNA localization. We discuss
the relevance of these findings and whether they may have potential roles in the pathological differences of HSV-1 and HSV-2.
© 2006 Elsevier Inc. All rights reserved.Keywords: HSV-1; HSV-2; Transcriptome; DNA microarray; Kinetics; RNA expressionIntroduction
Patterns of regulated gene expression and function during
productive and latent infection have been extensively studied
and described for Herpes simplex virus type 1 (HSV-1)
(Roizman and Knipe, 2001; Wagner et al., 1995 and references
therein). Therefore, it serves as an important model for these
processes in all herpes viruses, specially the alpha (neurotropic)
herpes viruses. For this reason, it is of considerable interest to
understand those aspects of HSV-1 gene expression that are
unique to this virus and those that are general to herpes viruses.
The closely related HSV-2 differs significantly from HSV-1
in various aspects of its pathology both in its natural and animal
hosts as well as in cell culture systems (Braig and Chanzy, 2002;
Whitley, 2001). HSV-1 is normally associated with primary
infections of the lip and eye and establishes latency in the
trigeminal ganglia. HSV-2 generally causes productive infec-⁎ Corresponding author. Department of Pharmacology, University of Califor-
nia, Irvine, CA 92697, USA. Tel.: +1 949 824 5670.
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pattern of reactivation from latency is different for each virus
(Krause et al., 1991). Several antiviral drugs have different
potencies for blockingHSV-1 andHSV-2 infections (Gong et al.,
2004; Andrei et al., 2005). HSV-2 strains generally show faster
and more complete shut off of host protein synthesis than HSV-1
strains (Hill et al., 1983, 1985; Evelyn and Read, 1997, 1999;
Strelow and Leib, 1995). Furthermore, cellular functions are
altered in a different way by HSV-1 and HSV-2. Thus, apoptosis
induced by UVor FAS-antibody is blocked by HSV-1 but not by
HSV-2 isolates (Jerome et al., 1998). In epithelial cells, nitric
oxide production is up-regulated by HSV-2 but down-regulated
by HSV-1 (Thakur et al., 2003).
Clearly, specific differences in virus-encoded genes mediate
many of these differences. For example, the two virus types
have different affinities for cellular receptors resulting from
amino acid variations in the N-terminal region of gD (Spear,
2004; Spear and Longnecker, 2003; Warner et al., 1998, Zago
and Spear, 2003). HSV-2 gC has lower affinity for heparan
sulfate and higher affinity for C3b binding than HSV-1 gC (Rux
et al., 2002). In HSV-1, gC is the major protein mediating virus
attachment to cells (Herold et al., 1991, 1994; Laquerre et al.,
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major protein responsible for binding as well as penetration
(Herold et al., 1996; Cheshenko and Herold, 2002. Recently, it
has been shown that phosphorylation of VP22 by cellular
kinases is different in HSV-1 and HSV-2 (Geiss et al., 2004).
Since transcription factor levels are also affected differently
in HSV-1 and HSV-2 infections (Jin and Ringertz, 1990;
Goswami, 1987), it is of interest to investigate to what degree
the differences in the pattern of kinetic regulation of transcript
abundance between these two closely related viruses reflects
their biology. The use of DNA microarray technology coupled
with carefully controlled statistical analyses has allowed us to
quantitatively describe the HSV-1 kinetic cascade defining a
“transcriptome” for the virus (see Wagner et al., 2002 and http://
darwin.bio.uci.edu/~faculty/wagner/index.html]). In order to
compare this with the HSV-2 transcriptome, we developed an
HSV-2 array and carried out a global quantitative analysis of
HSV-2 transcripts (Aguilar et al., 2004). We observed that every
pair of orthologous genes in HSV-1 and HSV-2 belongs to the
same kinetic class; however, differences in the pattern of
expression for some genes were suggested.
While these data are suggestive, a full quantitative
comparison of patterns of changes in transcript abundance
was not possible because HSV-2 probes differ in base
composition from the orthologous HSV-1 probes. In the present
communication, we have collected data using parallel infections
and microarrays with HSV-1 probes that share sequence identity
and display high cross-hybridization with HSV-2 RNA. The
general quantitative identity of HSV-1 and HSV-2 transcrip-
tomes is conclusively established. Further, we have observed
that kinetics of several important transcripts have low or evenFig. 1. Hybridization of nick-translated HSV-1 and HSV-2 DNAwith an HSV-1 prob
bars are HSV-1 data and the shaded bars are HSV-2 data. For each experiment, 2 μg of
Materials and methods. All raw data are available in tabular form at the GTI web sinegative correlations in infections with the two viruses. The
potential role of the genes encoding such transcripts in
contributing to the molecular basis of differences in HSV-1
and HSV-2 biology is discussed.
Results
Most HSV-1 transcript probes hybridize to HSV-2 DNA with
efficiency equivalent to HSV-1
In order to quantitatively compare the hybridization of
cDNA from HSV-1 and HSV-2 infected cells, it was important
to ensure equivalent hybridization efficiency for both. We did
this by comparing colloidal gold or silver labeled nick-
translated HSV-1 and HSV-2 DNA in simultaneous hybridiza-
tion to our current HSV-1/HSV-2 oligonucleotide chip. We
carried out three separate experiments in which each DNA
sample was separately labeled with either colloidal gold or
silver yielding a total of six sets of data. Hybridization levels for
each chip were normalized to the median of the 75th percentile
value for the type of DNA in question. We chose 50 of the 64
HSV-1 probes hybridizing to HSV-2 DNA with efficiencies
essentially equivalent to HSV-1 DNA for our analysis of
transcription abundance (correlation = 0.89). Normalized
hybridization data are shown in Fig. 1. HSV-2 probes
hybridized with HSV-1 DNA with high efficiency also, but a
lower level of hybridization was seen with the HSV-2 probes.
For this reason, all subsequent analysis was carried out using
hybridization to HSV-1 probes on the combined chip.
We used the Gene Tool sequence analysis program suite
(www.biotools.com) to analyze the sequence identity betweene array. Histograms are the means ± SD of three separate experiments, the solid
viral DNAwas labeled and hybridized overnight to the arrays as indicated under
te, http://www.gti.ed.ac.uk/GPX.
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genes to which they hybridized. Sequence alignments were
carried out using the highest gap and gap extension penalties. In
each case, the HSV-1 probe aligned at a position in the HSV-2
gene that was equivalent to its position in the parental HSV-1
gene (i.e., generally near the 3′-end, see Wagner et al., 2002).
Overall sequence identity fell into three categories: high, N80%;
moderate, 60–79%; and low, b59%. In each case, however,
several stretches of 10–15 bases of complete identity were
observed. There was no correlation between sequence identity
and cross-hybridization efficiency.
The abundance of HSV-1 and HSV-2 transcripts relative to
each other is generally equivalent during the productive
replication cycle
In order to compare the HSV-1 and HSV-2 transcriptomes,
we carried out parallel infections of replicate cultures of 3T3
cells with either HSV-1 (17syn+) or HSV-2 (HG52) at a
multiplicity of infection of 1 PFU/cell. Cultures were harvested
at 2, 4, 6, 8, and 16 h after infection and poly(A)-containingFig. 2. HSV-1 and HSV-2 transcript abundance at 2 h following infection. (A) HSV
methods. Results are the mean ± SD of three separate experiments. Transcripts are
bars—early; open bars—late; solid bars—latency associated; grey bars—mixed cla
specify any kinetic class. See Wagner et al. (2002) for a description of the probes.
ed.ac.uk/GPX.RNA extracted and utilized to generate colloidal gold- and
silver-labeled cDNA. Individual chips were hybridized with
HSV-1 and HSV-2 cDNA from the same time points, and each
time point was assayed in three separate experiments. Patterns
of hybridization were generally similar for both viruses. An
example of the normalized hybridization values for cDNA
generated from RNA isolated at 2 h post-infection is shown in
Fig. 2.
The correlation between the hybridization patterns for HSV-
1 and HSV-2 at 2 h post-infection was 0.84 (Fig. 2); at other
times post-infection, the correlation was always higher than 0.7
(not shown). In this and subsequent figures, it should be noted
that transcripts are arranged by their kinetic class as has been
done in previous reports (reviewed in Wagner et al., 2002);
however, for completeness, we have included those probes that,
by virtue of covering coterminal 3′-regions, do not specify a
unique kinetic group. These include UL6, UL13, UL36, UL49,
UL52, and US3. It should also be noted that the signal intensity
of the hybrids formed using cDNA derived from HSV-2
transcripts was 3- to 5- fold lower than that seen with cDNA
synthesized from HSV-1 RNA.-1 transcripts; (B) HSV-2 transcripts. Details are as described in Materials and
arranged according to kinetic class: solid black bars—immediate early; grey
ss, transcripts hybridized to probes covering coterminal 3′ end which does not
All raw data are available in tabular form at the GTI web site, http://www.gti.
Fig. 3. Comparative time course of the relative abundance of selected viral transcripts showing high correlations between HSV-1 and HSV-2 values. Values are the ratio
of the hybridization signal of the specific transcript indicated divided by the sum of the signal of all transcripts. The solid squares are HSV-1 values, and the open
triangles are HSV-2 values. (A) ICP4; (B) UL39; (C) UL54 (ICP27); (D) UL19. The correlation coefficients are shown in the individual panels. Points are the
mean ± SD of three separate experiments as described in Fig. 2. All raw data are available in tabular form at the GTI web site, http://www.gti.ed.ac.uk/GPX.
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transcripts
To further compare the transcriptomes of the two viruses, we
calculated kinetic curves for each transcript expressed as its
relative proportion of the total transcript abundance at any time
point; this approach has been fully described and documented in
a number of previous reports (Wagner et al., 2002, Sun et al.,
2004a, 2004b). Representative data are shown in Figs. 3–5; of
the examples shown, only the expression of the UL29 transcript,
encoding ssDNA binding protein shows any readily evident
type-specific differences.Fig. 4. Comparative time course of the relative abundance of selected viral transcripts
are described in the legend to Fig. 3. (A) UL4; (B) UL30; (C) UL29; (D) UL31. All ra
GPX.We used the correlation function of the Excel spreadsheet
program to calculate correlation coefficients for the kinetic HSH
course of each paired HSV-1 and HSV-2 transcript, which are
shown in Fig. 6. The kinetics of the relative abundance of the
majority of transcripts show strong correlations (N0.6);
however, only four (UL4, UL29, UL30, and UL31) show very
low or negative correlations. Furthermore, the kinetics of
relative abundance of another group of four transcripts (US12,
UL24, RLXY, and US5) show less than a 0.5 correlation
between HSV-1 and HSV-2. The degree of sequence identity
between the HSV-1 probes and the orthologous regions of the
HSV-2 genes detected is also shown in Fig. 6. There was noshowing low or negative correlations between HSV-1 and HSV-2 values. Details
w data are available in tabular form at the GTI web site, http://www.gti.ed.ac.uk/
Fig. 5. Comparative time course of the relative abundance of selected viral transcripts showing moderate correlations between HSV-1 and HSV-2 values. Details are
described in the legend to Fig. 3. (A) Us1 (ICP22); (B) UL24; (C) US12 (ICP47); (D) US5. All raw data are available in tabular form at the GTI web site, http://www.gti.
ed.ac.uk/GPX.
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correlations measured. The significance of these results is
discussed in the following section.
Northern blot and primer extension confirmation of microarray
data
Since probe sequence identity varied considerably for
different transcripts, a limited number of Northern blot and
primer extension experiments were done to confirm these results.Fig. 6. Correlation analysis of the time course of relative abundances of orthologous
the correlation coefficient obtained for the corresponding pair of HSV-1 and HSV-2 o
class and coded as described in the legend to Fig. 1. The ICP34.5 probe is indicated
described in Results is shown, H, N80%; M, 60–79%; and L, b59%. All raw data aExamples are shown in Fig. 7A. The delay in accumulation of
relatively high levels of the UL29 transcript in HSV-2 infections
is seen using Northern blot analysis with samples of 3 μg of poly
(A)-containing RNA isolated at 4 and 8 h following infection.
The blot was hybridized with a 40-mer synthetic oligonucleotide
made up of a conserved region between HSV-1 and HSV-2, and
the lanes containing HSV-2 RNAwere exposed approximately 5-
fold longer than those containing HSV-1.
The generally lower relative abundance of HSV-2 RNA and
the general equivalence of timing of abundant expression withHSV-1 and HSV-2 transcripts during productive infection. Bars are the values of
rthologous indicated in the x-axis. Transcripts are arranged according to kinetic
as 34.5 as a result of space limitations. Extent of probe identity determined as
re available in tabular form at the GTI web site, http://www.gti.ed.ac.uk/GPX.
Fig. 7. Northern blot and primer extension analysis of orthologous HSV
transcripts. (A) Northern blot analysis of RNA: 3 μg of poly(A) containing RNA
from infected cells was fractionated on a denaturing formaldehyde agarose gel
and analyzed by Northern blot hybridization using 32P labeled UL29-specific
probe. The positions of 28Ss and 18s ribosomal RNA are indicated on the right
side of the panel. (B) Primer extension analysis of 25 μg of total RNA at 4 and
8 h after infection by HSV-1 and HSV-2 viruses. Left panel shows the product
obtained with US6 primer. Right panel shows the product obtained with ICPO
primer. Size markers are indicated on the right side of the panel.
238 J.S. Aguilar et al. / Virology 348 (2006) 233–241HSV-1 can also be seen with primer extension analysis.
Examples are shown for the US6 and the ICP0 transcripts in
Fig. 7B.
Discussion
In this paper, we have performed a comparative study of the
HSV-1 and HSV-2 transcriptomes during the course of
productive infection in mouse cells in vivo. The efficient
cross-hybridization observed between HSV-1 and HSV-2 RNA
with the HSV-1 probes permits a direct comparison of the
expression of orthologous transcripts in both infections. Despite
the lower rate and level of HSV-2 transcript accumulation, the
overall kinetic classification of gene expression is the same for
both HSV-1 and HSV-2 and is in agreement with our previous
survey using an HSV-2 probe set (Aguilar et al., 2004). The
precision of the current study, however, allows us to determine
that the time course of accumulation of only 4 of the 49
transcripts resolved differ to an appreciable extent—this despite
a slower overall rate of transcript accumulation in HSV-2
infections. These differences suggest fruitful paths for investi-
gating the molecular mechanisms at the base of the different
pathologies of HSV-1 and HSV-2.
The reason for the differences in mRNA accumulation
observed is not at all clear; the sequence divergence in the
promoter region of the majority the orthologous transcripts
encoded by the two virus types is significantly greater than that
in the DNA sequences encoding the corresponding proteins
themselves. A survey of the sequence of promoters encoding
transcripts expressed with equivalent kinetics shows the samedegree of divergence as those encoding the four divergent
transcripts identified here, however. The generation of recom-
binant viruses in which critical promoters have been exchanged
and modified is the most direct way of determining whether
specific differences in promoter elements mediate the differ-
ences observed; such studies would need to be combined with
more extensive recombinants to assay potential differences in
mRNA stability as well.
It is important to note here that we have shown in earlier
studies that the alteration in the timing of expression of specific
transcripts can have little or no effect on virus replication in
culture, and variable effects on the pathology of infection in
vivo. Thus, changing the kinetics of expression of the leaky-late
UL19 transcript encoding the major capsids protein, VP5 either
to early or strict late affected only changes in virulence in vivo
with no effect on the course of infection in cultured cells (Lieu
and Wagner, 2000, Tran et al., 2002). In contrast, changing the
kinetics of expression of the UL54 transcript encoding the
immediate-early ICP27 protein from immediate-early to
delayed-early had no effect at all on either virus replication in
culture nor on the measured parameters of viral replication and
pathogenesis in mice (Sun et al., 2004a, 2004b). So, while it is
an attractive proposition that the alterations in the time course
observed for the four transcripts identified here have a role in
the pathological differences observed in vivo for HSV-1 and
HSV-2, only further studies based upon carefully controlled
studies with recombinant viruses can confirm this hypothesis.
Despite this caveat, the literature shows that all four of the
proteins encoded by the transcripts showing type-specific
differences in their kinetics of accumulation have roles in the
nuclear organization and localization of viral DNA during
replication. It is tempting to suggest that the evolution of the
function and precise properties of replication compartments
may be different in HSV-1 and HSV-2 infections. Since many
cellular functions are redirected in these compartments,
variations in the timing of their expression vis-à-vis other
viral and cellular proteins could play central roles in type-
specific differences in virus replication in specific tissues
relating to differences in pathogenesis.
The product of the UL29 transcript, ICP8, is essential for the
formation of replication compartments (Liptak et al., 1996;
Lukonis and Weller, 1996) in which it is associated with more
than 50 viral and cellular proteins, all having roles in DNA
replication, recombination, and repair, as well as in chromatin
modeling (Taylor and Knipe, 2004). In the replication
compartment, ICP8 colocalizes with ICP4, ICP27, and the
cellular RNAP II, interacting directly with ICP27 and through
this protein with RNAP II (Olesky et al., 2005). It also seems
interesting to us that the UL30 protein, but not its polymerase
activity, is required for the recruitment of PML to the replication
bodies (Burkham et al., 2001).
The UL4 protein is not essential for virus replication in
culture (Baines and Roizman, 1991), but it, too, is localized in
the nucleus both in HSV-1 and HSV-2 forming nuclear punctate
bodies (Eide et al., 1998; Yamada et al., 1998). These small
nuclear bodies may have a part in the viral replication cycle late
in infection (Markovitz and Roizman, 2000). In contrast, the
239J.S. Aguilar et al. / Virology 348 (2006) 233–241non-essential UL31 protein has a diffuse nuclear localization in
HSV-2 different from the discrete localization of ICP8 (Zhu et
al., 1999). UL31, together with UL34, may participate in the
nucleocapsid envelopment and egress (Reynolds et al., 2002);
both genes are required for the disruption of the nuclear lamina
and the nuclear expansion taking place during HSV-1 infection
(Reynolds et al., 2004; Simpson-Holley et al., 2005).
In conclusion, our results show that the general pattern of
transcript accumulation is very similar in HSV-1 and HSV-2
infections in vitro. However, four transcripts were seen to have
very different time signatures. These transcripts are suggested as
targets for further investigations of the molecular basis of HSV-
1 and HSV-2 pathology.
Materials and methods
Cells and virus
We used NIH/3T3 cells from ATCC (Catalog No. CRL–
1658) in order to accommodate planned future pathogenesis
studies using mouse gene chips. Cells were cultured at 37 °C
under 5% CO2 atmosphere in Dulbecco's modified Eagle's
medium with 4 mM L-glutamine, 4.5 g/l glucose, 1.5 g/l sodium
bicarbonate, 100 U of penicillin per ml, and 100 μg streptomycin
per ml, supplemented with 10% bovine calf serum.
HSV-1 (17 syn+ strain) and HSV-2 (HG 52 strain) virus
strains were used in these experiments. 80% confluent 3T3 cells
were infected at a multiplicity of infection of 1 PFU and 5PFU/
cell. Virus was adsorbed for 30 min prior to addition of overlay
medium.
Nick translation of DNA
For nick-translation labeling of DNA, 2 μg of virus DNA
was first digested with 1 mU of DNAse in 50 μl of One-phor-
All PLUS buffer (Pharmacia) containing 1.5 mM CoCl2 for 5
min at 15 C. The enzyme was then inactivated by heating at 65
°C for 20 min. The reaction mixture was diluted to 250 μl with
water and concentrated to near 30 μl using a Microcon-30
centrifugation filter device. The digested DNAwas then labeled
by incubating with 10 U of E. coli DNA polymerase I
(Invitrogen) in 50 μl of nick translation buffer (10 mM MgSO4,
0.1 mM DTT, 50 mM Tris–HCl pH7.2) containing 20 μM
dNTPs (minus dTTP) and 40 μM fluorescein-12-dUTP or 20
μMBiotin-11-dUTP for 2 h at 15 °C. The labeled DNA samples
were then pooled, 20 μl of human Cot I DNA (1μg/μl) was
added, and washed 3 times by adding 500 μl TE and
concentrating with a Microcon YM-30 filter (Amicon). The
labeled nick-translated DNA was then hybridized to the arrays
as we have previously described for labeled cDNA (Sun et al.,
2004a, 2004b).
Generation of microarrays and analysis using resonance light
scattering (RLS). Construction of HSV-1 oligonucleotide array
has been detailed in Yang et al. (2002) and Wagner et al. (2002).
Generation of HSV-2 oligonucleotide array has been described
earlier in Aguilar et al. (2004). Analysis and methods for cDNA
synthesis, hybridization, rinsing, scanning, etc., by using twocolor nucleic acid microarray resonance light scattering-based
method (Invitrogen) have been described in detail previously
(Sun et al., 2004a, 2004b). All raw data are available in tabular
form at the GTI web site, http://www.gti.ed.ac.uk/GPX.
RNA isolation and analysis
RNA was extracted from 3T3 cells after 4 and 8 h post-
infection using TRIZOL reagent (Invitrogen) as described
previously (Aguilar et al., 2002; Yang et al., 2002). Aliquots
of 3 μg of poly(A) containing RNA were fractionated on 1.2%
agarose containing 6% formaldehyde and subjected to
Northern analysis as described earlier (Devi-Rao et al.,
1991). Northern blots were probed with random primed
UL29-specific DNA fragment (780 bp) between the two XhoI
sites at nucleotide 60293 and 61073 of HSV-1 syn+ strain
which was uniformly labeled with alpa 32P-dCTP. A 40 base
synthetic oligonucleotide sequence common to both HSV-1
and HSV-2 UL29, 5′-CGCTCGCAAAGTCGCGTCAG-
GTTCGGGGCCTGGGTGCTGG-3′, was 5′ end labeled
using λ 32P-ATP ± MP biochemicals) and T4 kinase (Promega)
was also used to probe Northern blots using standard methods.
Primer extension reactions were carried out using 25 μg total
RNA and 50 fmol of 32-P labeled 25 nucleotide-US6 primer
located 85 nucleotides downstream of the cap site or 18
nucleotide-ICP0 primer located 77 nucleotides downstream of
the ICP0 cap site, and analyzed on 8% polyacrylamide gel with
8 M urea as described previously (Guzowski et al., 1994).The
expected product sizes were 85 nt for US6 and 77 nt for ICP0.
Data analysis
Data were analyzed using Microsoft Excel programs. The
time courses were compared with the correlation function of this
program using the equation:
Correl ðX ;Y Þ ¼
X







Where Xm and Ym are the mean values of each variable—in
this case, time points. It should be noted that P values for the
correlations measured were not in the significant range due to
the low number of time points used.Acknowledgments
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